Introduction
============

Combat sport is a term used to describe a wide range of competitive contact sports typically involving physical combat where the winner is determined by specific criteria depending on the rules of the sport. Combat sports have a large public following with sports such as boxing and mixed martial arts (MMA) having millions of followers and approximately 20% of summer Olympic medals available in combat sports such as boxing, judo and taekwondo ([@B38]; [@B53]; [@B71]). Combat sports can be categorized as grappling, striking or mixed style sports. Grappling sports involving gripping, throwing, ground combat, chokeholds and joint locks ([@B69]), while striking sports incorporate skills ranging from only punches to combinations of punches, kicks, knees, and elbows ([@B73]). Mixed style combat sports involve both grappling and striking, thus requiring a diverse skill-set ([@B80]). The rules vary between combat sports resulting in different methods of victory and competition durations, which in turn results in many possible competitive styles, even within the same sport ([@B80]). In several combat sports, specific techniques or positions are worth a set number of points and successfully applied techniques are then subsequently totalled to determine victory should an opponent not be defeated via a submission, knock-out (KO) or technical knock-out (TKO; [@B10]; [@B69]). In contrast, some sports utilize an ever-evolving and more subjective scoring system for bouts that are not ended by a submission, KO or TKO. For example, the current scoring system applied to both amateur and professional bouts in several combat sports is referred to as the "10-Point Must System," whereby judges subjectively decide the winner of the round awarding 10 points and the opponent 9 or less. These scoring systems result in diverse methods of victory in combat sports, and thus the term "performance" is complicated. Indeed, overcoming an opponent through submission in the first minute of an event or on points after fifteen minutes of fighting would both be examples of successful competitive performances but achieved through very different physical characteristics, skill sets and tactics. Thus, for coaches and physical conditioning support personnel assessing such physical characteristics is important for optimizing athlete development, competition tactics and preparations for competition. As a result, a large body of literature has been developed around understanding the physical and physiological characteristics of combat sport athletes ([@B24]; [@B53]).

Combat sports are physically demanding, requiring a diverse physical and physiological profile to be successful in competition ([@B56]; [@B69]; [@B19]; [@B39]; [@B25]). Striking movements such as punches and kicks require explosive strength and power ([@B59]; [@B50]), while grappling movements can require a greater emphasis on isometric and concentric strength ([@B69]; [@B53]). Additionally, combat sports are comprised of many different sports-specific movements which will influence the physical load. For instance, sports such as boxing and judo exert a greater demand on the upper limbs whilst taekwondo exerts a greater demand on the lower limbs ([@B19]; [@B39]; [@B25]). Even differences in equipment requirements may influence the physical demands of the sport, such as the use of a kimono in Brazilian Jiu-Jitsu and judo increasing the use of the forearm muscles ([@B5]). The specific skills and rulesets of a combat sport will significantly influence the energy cost of competition ([@B27]; [@B5]; [@B49]). However, combat sports do not typically involve a single execution of one particular technique but instead involve repeated executions interspersed with lower intensity actions ([@B73]; [@B37]; [@B6]; [@B62],[@B63]). The high-intensity repeat-effort nature of combat sports typically results in a large aerobic response during exercise as demonstrated by athletes reaching near maximal heart rates and oxygen consumption (\>90% of maximum HR and VO~2max~) during simulated competition ([@B27]; [@B32]; [@B22]). Additionally, the high-intensity component of combat sport competitions induces significant anaerobic strain with research observing high levels of blood lactate (\>12 mmol.L^-1^) following competition ([@B18]; [@B48]). This makes endurance an important characteristic of success in competitive combat sports ([@B4]; [@B57]; [@B69]; [@B58]). However, endurance is a difficult concept to define as it is influenced by a wide range of physiological, psychological and biomechanical factors ([@B1]). For the purposes of this review endurance will defined as the ability to maintain a high-intensity or repeated efforts over longer exercise durations. The work:rest ratios of high-intensity efforts during competition vary, thus resulting in different endurance profiles between combat sports ([@B31]; [@B73]; [@B6]). It is also important to consider the total duration of events in combat sports, with some sports having a single round lasting 10 min and others involving up to twelve 3 min rounds. Furthermore, it is possible that different regulations in performance enhancing drugs and weight cutting practices may also influence performance in different combat sports and levels of competition. These differences create complications when attempting to compare results acquired from exercise testing of athletes from different types of combat sports, especially Olympic and professional ones ([@B5]). Additionally, the rules of many combat sports are somewhat unique and allow for an athlete to win before the allotted competition time, which makes the total duration highly variable. Indeed, it has been reported that over half of all MMA fights in the Ultimate Fighting Championship^®^ (UFC^®^) are ended within the first round ([@B30]). However, it is not uncommon for fights to last the entire allocated duration ([@B63]). These diverse requirements, due to both the physical requirements and varied length of competition, result in athletes requiring several well-developed physical characteristics including strength, power, agility and endurance on top of technical skill and tactics to be successful ([@B4]; [@B57]; [@B69]). While there are a wide range of potential tools for support staff to use to assess an athlete's relevant physical characteristics, what approaches are most relevant to combat sports success currently are not clear, especially in the case of combat sports endurance related performance ([@B24]). As such, the purpose of this review is to provide a critical appraisal of the current methods of assessing physical capacities in combat sports with a focus on endurance ability in an effort to help develop best practice guidelines.

Current Practices in AssessingPhysical Characteristics inCombat Sports
======================================================================

It may not be possible to develop a single test that simultaneously assesses all factors of all combat sports performance under controlled conditions. As a result, the best available approach is to assess individually characteristics integral to competitive success, such as strength, power, agility and endurance ([@B57]; [@B69]; [@B53]) with some insight into the underlying physiology to lesser or greater degree. Effectively identifying and evaluating such characteristics is essential to inform training interventions, nutritional demands, talent identification, and design the optimal competition strategies for athletes. When selecting a test to assess a characteristic in combat sports athletes, it is important to differentiate between tests where the primary outcome measure is an indicator of physiological capacity or performance. Tests of performance are primarily used to simulate competition in a controlled manner as opposed to assessing the function of a physiological system ([@B14]; [@B29]). When evaluating the body of research investigating key physical characteristics in combat sports, it is apparent that the employed methods range from physiological assessments with low sports specificity to performance assessments with high sports specificity ([@B41]; [@B23]; [@B53]). Thus assessments seeking to isolate an underlying physical characteristic with low sports specificity used across combat sports include: one repetition maximum (1RM) testing ([@B40]; [@B44]; [@B53]), maximal isokinetic strength assessment ([@B81]), counter-movement and squat jumps ([@B36]; [@B44]; [@B68]; [@B53]; [@B13]), 40-m sprint ([@B44]), 30 s continuous jump ([@B28]), repeated contractions on an isokinetic dynamometer ([@B64]; [@B56]; [@B67]; [@B81]; [@B12]), Wingate testing ([@B36]; [@B7]; [@B61]; [@B34]; [@B68]), various repeat-sprint tests ([@B13]; [@B54]) and maximal aerobic capacity testing ([@B46]; [@B70]; [@B41]; [@B20]; [@B72]; [@B53]). As the spectrum of physical assessments shifts toward a higher level of sport specificity assessment, examples include exercise circuits (i.e., burpees, press-ups, and sports-specific skills such as throws or strikes) ([@B78]; [@B42], [@B40], [@B41]; [@B47]; [@B7]; [@B23]; [@B84]; [@B76]) and simulated combat with a live opponent ([@B85]) ([Table 1](#T1){ref-type="table"}). Although the use of such testing modalities appears sound, critical evaluation of the ecological validity of the test or physiological characteristic involved is required, including an understanding of the precision to detect small but important changes.

###### 

Common methods to assessment physical capacities in combat sports athletes.

  Assessment                                           Physical capacity assessed                                 Reference within combat sports   Does the assessment involve sports-specific skills   Primary outcome variable                                  Lower body or upper body engaged   Repeat effort                                     Combat sport the test can be used for
  ---------------------------------------------------- ---------------------------------------------------------- -------------------------------- ---------------------------------------------------- --------------------------------------------------------- ---------------------------------- ------------------------------------------------- ---------------------------------------------------------------------------------------------------
  One repetition maximum testing                       Strength                                                   [@B40]                           No                                                   Weight lifted                                             Upper or lower body                No                                                Generic
  Maximal isokinetic strength assessment               Strength                                                   [@B12]                           No                                                   Torque generated                                          Upper or lower body                No                                                Generic
  Counter-movement and squat jumps                     Power                                                      [@B12]                           No                                                   Jump height, and force generated                          Lower body                         No                                                Generic
  30-s continuous jump                                 Anaerobic power and capacity                               [@B28]                           No                                                   Number of jumps and height of jumps                       Lower body                         Yes                                               Generic
  Repeated contractions on an isokinetic dynamometer   Repeat-effort endurance                                    [@B12]                           No                                                   Torque generated and number of contractions               Upper or lower body                Yes                                               Generic (depending on effort-relief intervals)
  Wingate anaerobic assessment                         Power and anaerobic capacity                               [@B68]                           No                                                   Peak power, average power and fatigue index               Upper or lower body                No (repeated Wingate protocols can be designed)   Generic
  Maximal aerobic capacity testing                     Aerobic capacity and continuous effort endurance ability   [@B20]                           Possibly (in most cases no)                          Maximal oxygen consumption and workload achieved          Upper, lower or whole body         Depends on the protocol                           Longer duration combat sports (i.e., multiple rounds)
  Special Judo fitness test                            Repeat-effort endurance and anaerobic capacity             [@B41]                           Yes                                                  Index (calculated by heart rate and number of throws)     Whole body                         Yes                                               Judo
  Karate-specific aerobic test                         Repeat-effort endurance and aerobic capacity               [@B23]                           Yes                                                  Time to exhaustion                                        Whole body                         Yes                                               Karate
  Repeat sled-push test                                Repeat-effort endurance                                    [@B13]                           No                                                   Average run speed, total test time and peak sprint test   Whole body                         Yes                                               Mixed martial arts
  Repeated sprint ability test                         Repeat-effort endurance                                    [@B54]                           No                                                   Mean sprint time                                          Whole body                         Yes                                               Mixed martial arts (effort-relief interval adjustments could make the test apply to other sports)
  Taekwondo anaerobic test                             Anaerobic power and capacity                               [@B75]                           Yes                                                  Number of repetitions, test time and kick force           Whole body                         Yes                                               Taekwondo
  Specific jiu-jitsu anaerobic performance test        Repeat-effort endurance and anaerobic capacity             [@B84]                           Yes                                                  Number of repetitions                                     Whole body                         Yes                                               Jiu-jitsu
                                                                                                                                                                                                                                                                                                                                                       

There is a belief that when assessing a performance characteristic, the assessment should relate as closely as possible to the sport itself. However, there can be a trade-off between precision of measurement for the physical characteristic and maintaining sporting relevance. While some assessment methods of physical characteristics closely relate to competitive success ([@B52],[@B53]), the relationship for others is much less clear ([@B53]). For example, greater levels of strength and power have been linked to a higher competitive level in combat sports ([@B52],[@B53]) and to greater punching force ([@B59]; [@B50]). In fact, it appears that the body of research assessing strength and power in combat sports athletes is robust ([@B59]; [@B50]; [@B51]; [@B52],[@B53]). In contrast, the methods of assessing combat sports-specific endurance are highly varied in the literature and much less robust ([@B24]). This is likely due to the complex nature of endurance as a physical characteristic underpinning combat sport performance, making it far more complicated to assess. Indeed, it is acknowledged that the demand on the aerobic system varies depending on intensity and competition length, with sports involving multiple rounds such as boxing, kickboxing and MMA placing a greater strain on the aerobic system ([@B77]; [@B57]; [@B73]; [@B3]; [@B30]; [@B25]). Additionally, sports with single rounds likely require a significant aerobic contribution ([@B23]; [@B69]; [@B39]). However, it is important to note that endurance is influenced by many more factors than just aerobic capacity ([@B26]; [@B14]; [@B9]; [@B21]; [@B2]). The repeated high-intensity efforts involved require competitive athletes to have well developed strength-endurance, efficiency and anaerobic capacities alongside a capacity to rapidly recover ([@B26]; [@B69]; [@B19]; [@B25]; [@B74]). Thus, to better understand endurance ability in a combat sport athlete it is important to consider all factors relevant to the individual combat sport's-specific endurance. Given the lack of clarity in the literature regarding the assessment of endurance relevant to combat sports, the following sections seek to provide recommendations for methods of evaluating characteristics relevant to endurance ability in combat sports athletes.

Assessing Endurance in Combat Sports Athletes From a Performance Perspective
============================================================================

When assessing endurance performance, the overall duration and intermittent nature of the specific combat sport should be taken into account ([@B30]). Combat sports with multiple rounds can involve greater than 30 min of high-intensity intermittent activity ([@B46]; [@B5]). Additionally, combat sport bouts involve the use of a wide range of sports-specific skills that can also influence the physical requirements which may be difficult to replicate under controlled conditions ([@B19]; [@B39]; [@B25]; [@B5]). Whilst it is generally understood that utilizing sports-specific assessments is ideal ([@B66]), developing a sports-specific and scientifically valid assessment of endurance for all combat sport athletes is difficult. This is due to the high degree of variation in the physiological demands, sports-specific skills and competitive approaches both between and within combat sports ([@B41]; [@B23]).

The variation between and within combat sports complicates the assessment of endurance in such athletes. As a result, researchers examining endurance capacity in combat sport athletes have utilized a range of assessment methods. These include circuits of activities conducted in a manner that reflect the required physical and physiological load of the specific sport, and in many cases, including sports-specific skills such as strikes and throws to mimic the performance aspects required ([@B78]; [@B47]; [@B42], [@B40], [@B41]; [@B7]; [@B23]; [@B84]; [@B76]) ([Table 1](#T1){ref-type="table"}). In locomotion sports such as cycling or running, the goal of any assessment is to evaluate such locomotion as this is the context in which competitive performance occurs. But in sports such as combat sports, where locomotion is not the sole objective, there are many goals and measures of possible performance. Specifically, the ability to continually attack and defend effectively against an opponent during later rounds is essential to victory ([@B63]). The ability to continue to execute sports-specific skills over longer periods of time despite fatigue has been assessed in judo ([@B41]), karate ([@B23]), boxing ([@B78]), taekwondo ([@B75]) and Brazilian jiu-jitsu ([@B84]) ([Table 1](#T1){ref-type="table"}). These tests all involve the repeated execution of one or more sports-specific skill for an allocated time or until volitional fatigue, with varying measurements recorded. Simulation-style tests such as these provide valuable information on the fatigue induced by such sports-specific drills. There remain however many combat sports that do not have sports-specific performance tests available, and future research should aim to address this gap in available methodology. While it is important to consider that the potential limitations of such testing methods have not been completely explored, these include aspects related to the precision of *in situ* aerobic capacity measurement, lactate and ventilatory threshold identification and more general instances of measurement and repeatability of test performance. The special judo fitness test has undergone reliability testing as well as physiological examination ([@B43], [@B41]). Indeed, ventilatory gas analysis identified that 28.2 ± 2.9% of energy requirement were aerobic during this test ([@B41]). An issue with this and many other performance based tests is that they are unable to assess important physiological characteristics such as thresholds, efficiency of motion or others likely to be relevant to performance. Regardless, typical tests of repeat-ability are derived from locomotion tasks, such as repeated-sprint ability, where the relationship between fatigue and changes in biomechanics is better understood ([@B65]). However, in combat sports the changes in technical ability resulting from fatigue and how important such changes are to competitive success are not clear. Given the highly technical nature of combat sports it is plausible that fatigue-induced reductions in skill would have an even greater impact on competitive success than in locomotion based sports. Current sports-specific protocols do not comprehensively monitor impairments in skill which could result in missing important information that would plausibly have a substantial influence on performance during real competition. To better understand this future research should investigate the specific kinematic changes in combat sports techniques resulting from fatigue.

Repeat-effort ability is regarded as essential in a wide range of sports outside of those centered on combat. As a result there is a substantial body of literature that examines the repeat-effort ability of athletes ([@B16]). While assessments of repeat-effort ability will have a similar basic structure, they can vary in a range of ways, including the duration of efforts, the recovery duration and number provided, and the modality of exercise ([@B16]; [@B9]). Previously reported testing protocols have involved repeated sprints on foot ([@B86]; [@B54]), on a cycle ergometer ([@B16]), upper-body ergometer ([@B61]), or pushing a sled ([@B13]). Generic running tests such as the 30--15 intermittent fitness test are common examples of repeat-effort running tests commonly used in the field ([@B8]; [@B21]; [@B54]), although the work-rest ratios are unlikely to be reflective of combat sports competitions. Many repeat-effort assessments however, only measure the high-intensity component (i.e., the sprint duration) while neglecting the low-intensity recovery portion, which potentially results in missing important information ([@B11]; [@B79]; [@B13]; [@B54]). For example, when assessing repeated sprints on a cycle ergometer it is common for the tester to require the athlete to maintain at least 60 rpm during the recovery period. Yet it is very often unreported whether this protocol factor was adhered to and thus, although seeking to standardize recovery, the potential insight for the efficacy of an athlete's recovery process is lost.

Combat sports athletes require the ability for continual movement about the competitive arena for positioning an opponent and an ability for sustained upper-body isometric and dynamic contractions. While some of the repeat-effort data collected using common methods could elucidate this performance aspect, it is important to consider that sustained upper body isometric and dynamic contractions are not reflected easily in most repeat-effort testing as the methods used do not require significant strength, and therefore would not likely translate to combat sports. Previous research has tried to mitigate this issue with varying degrees of ecological validity by requiring athletes (judokas) to perform a series of unopposed throws of an opponent in their weight category between brief sprints ([@B41]) or, alternatively, to push a weight sled (body mass relative) maximally for a specific distance ([@B13]). However, these methods require further investigation to determine their applicability to their respective sports considering the aforementioned limitations of such protocols. Additionally, it is also important to consider if factors such as the level of competition or biological sex will influence the best practices for assessing physical capacities in combat athletes, which should be a topic of future research.

Assessing Endurance in Combat Sports Athletes From a Physiological Perspective
==============================================================================

Repeat-effort ability is maintained by a complicated relationship between anaerobic and aerobic metabolism, with the anaerobic system being mostly important in high-intensity performance and the aerobic system being important to recovery between efforts ([@B15]; [@B45]). The initial high-intensity effort will be heavily reliant on anaerobic metabolism with increasing aerobic contribution as more efforts are completed ([@B45]). However, even in the final efforts of repeat-sprint protocols the majority of energy can still be yielded anaerobically, though to a lesser extent ([@B45]). A study by McGawley and Bishop ([@B60]) observed significant aerobic contribution in the final sprint of a 5 × 6-s maximal sprint protocol. As such, the high-intensity components of repeat-effort sports will be significantly influenced by an athlete's anaerobic capacity even as the competition duration extends ([@B45]). Indeed, repeat-effort performance is likely to be heavily influenced by the accumulation of metabolic by-products, limitations in energy supply and neural fatigue ([@B45]). This is supported by studies that observe significant increases in blood metabolites during combat sports competitions ([@B18]; [@B48]) and the maximal cardiac response associated with combat sports competitions ([@B27]; [@B49]). As a result, common assessments of anaerobic capacity such as a Wingate or maximal accumulated oxygen deficit (MAOD) assessment will likely have important implications to combat sports endurance ability ([@B83]; [@B35]; [@B15]). The relationship between anaerobic capacity and competitive level in combat sports athletes has been observed in previous research ([@B53]). However, the ability to recover from such high-intensity efforts during the low-intensity components will be driven primarily by the aerobic system to buffer hydrogen ion concentration and enhance phosphocreatine (PCr) regeneration ([@B11]; [@B45]). This has been confirmed by previous research investigating the energy demands in taekwondo athletes during combat simulation ([@B22]). As such, greater aerobic fitness will likely improve repeat-effort ability in combat sports competitions by increasing oxygen availability, improving lactate removal and enhancing PCr regeneration ([@B82]; [@B15]). Increased aerobic fitness will also induce many physiological adaptations which could aid in combat sports endurance such as increased mitochondrial respiratory capacity, faster oxygen uptake kinetics, accelerated post-effort muscle re-oxygenation rate, improved lactate and ventilatory thresholds and a greater VO~2max~ ([@B15]). However, it is important to remember that the relationship between maximal aerobic capacity and combat sports competitive level, or even repeat-effort performance in general does not appear to be linear ([@B15]; [@B45]; [@B19]; [@B53]). We postulate that at the higher levels of combat sport competition there is a diminishing rate of return in the gross markers of aerobic capacity and adaptation. In fact, previous research has found sports-specific aerobic training in judo athletes to not improve VO~2max~ but to significantly affect ventilation thresholds, heart rate and VO~2~ recovery ([@B17]). As such, other markers of aerobic fitness such as metabolic thresholds, economy, oxygen kinetics and the power output associated with VO~2max~ could more closely relate with fatigue development during repeat-effort exercise as observed in combat sports ([@B35]; [@B15]). Due to the aforementioned differences between intermittent and continuous exercise, the ecological validity would increase if practitioners were to evaluate such factors during intermittent exercise protocols ([@B33]; [@B55]) particularly with world class athletes. Further research is required to better understand exactly which markers of both anaerobic and aerobic fitness best relate to combat sports endurance.

Conclusion
==========

Combat sports are popular, physically demanding sports with a diverse competitive cohort around the globe. With a developing body of research, it is important to critically examine the current practices and how these may be best applied by the practitioner in the monitoring of athlete adaption process. Such a body evidence will not only help inform the assessment of endurance in combat sports athletes, but also the development of physical capacities which is a topic that needs further investigation. The current assessments of characteristics important for competitive combat sports performance, particularly those involved with endurance require further evaluation to determine their efficacy. This is important as many of the current methods may not be accurately assessing endurance ability or may lack the sensitivity to detect any changes. Endurance is a complicated characteristic comprised of many factors and as such cannot be comprehensively evaluated with a single test. A combination of assessments designed to simulate aspects of performance (in particular, repeat-effort ability) and others designed to better understand the underlying physiology will provide the most complete picture of combat sport endurance ability. However, while there is research investigating what physiological markers are important for combat sport athletes further research is needed to understand the relevant importance of variables such as metabolic thresholds and oxygen kinematics. When designing a test to simulate combat sport-specific endurance there are many things to consider, including how to induce a comparable physical and physiological load to competition alongside carefully choosing what activities will be included in the testing with respect to their ecological and scientific validity. Future research should investigate the potential impact that fatigue may have on combat sports-specific techniques and how such changes may influence assessments of endurance. Developing a better understanding the issues presented throughout this review will improve researchers' ability to accurately assess characteristics relevant to combat sports performance, alongside allowing coaching staff to make appropriate training decisions and more effectively monitor the impact of such decisions.
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